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Abstract 

Neuropeptide Y (NPY) is an orexigenic neuropeptide that plays a role in regulating adiposity by promoting energy 
storage in white adipose tissue and inhibiting brown adipose tissue activation in mammals. This review describes 
mechanisms underlying NPY's effects on adipose tissue energy metabolism, with an emphasis on cellular proliferation, 
adipogenesis, lipid deposition, and lipolysis in white adipose tissue, and brown fat activation and thermogenesis. In 
general, NPY promotes adipocyte differentiation and lipid accumulation, leading to energy storage in adipose tissue, 
with effects mediated mainly through NPY receptor sub-types 1 and 2. This review highlights hypothalamus- 
sympathetic nervous system-adipose tissue innervation and adipose tissue-hypothalamus feedback loops as pathways 
underlying these effects. Potential sources of NPY that mediate adipose effects include the bloodstream, sympathetic 
nerve terminals that innervate the adipose tissue, as well as adipose tissue-derived cells. Understanding the role of 
central vs. peripherally-derived NPY in whole-body energy balance could shed light on mechanisms underlying the 
pathogenesis of obesity. This information may provide some insight into searching for alternative therapeutic strategies 
for the treatment of obesity and associated diseases. 
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Introduction 

Obesity is defined as a state of increased adiposity result- 
ing from chronic nutrient excess, where energy intake 
significantly exceeds energy expenditure [1]. Energy in- 
take is reflected by food intake and energy expenditure 
can be affected by basal metabolism, physical activity, 
and thermogenesis [2]. Dysregulation of either central or 
peripheral signals may lead to a state of anorexia or 
obesity. According to the Center for Disease Control in 
2011-2012, more than one third of all U.S. adults are 
considered to be overweight or obese and these numbers 
are expected to continue to rise. The rise in obesity, a 
predisposing factor for developing diabetes, hyperten- 
sion, hyperlipidemia, cancer and other disorders, has 
driven a major interest in the regulation of appetite, food 
intake and fat accumulation [3]. Energy homeostasis is 
governed by a complex neuroendocrine system including 
appetite regulatory hypothalamic peptides, as well as 
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adipocyte-derived peripheral signals such as leptin. 
These signals act in a reciprocal manner to integrate in- 
formation about energy status, a system referred to as 
the hypothalamus-adipose tissue axis. The recognition of 
the importance of the hypothalamus-adipose tissue axis 
in energy balance has propelled studies aimed at under- 
standing the roles of adipose- and hypothalamic-derived 
peptides on energy intake, storage and expenditure. 

One of the major regulators of energy intake, neuro- 
peptide Y (NPY), has emerged as an important player in 
the hypothalamus-adipose tissue axis. Neuropeptide Y, a 
36 amino acid peptide, is one of the most potent orexi- 
genic hypothalamic neuropeptides identified to date [4]. 
Depending on the anatomical location and the receptor 
sub-type, NPY is also involved in other physiological 
processes such as locomotion, learning and memory, 
anxiety, epilepsy, circadian rhythm, and cardiovascular 
function [3]. The goal of this review is to provide a more 
in-depth and holistic understanding of the role of NPY 
in energy homeostasis, bridge the gap between appetite/ 
central nervous system and adipose tissue/peripheral 



© 2014 Zhang et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.Org/licenses/by/4.0), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain 
Dedication waiver (http://creativecommons.Org/publicdomain/zero/1.0/) applies to the data made available in this article, 
unless otherwise stated. 



Zhang et a I. Nutrition & Metabolism 2014, 11:27 
http://www.nutritionandmetabolism.eom/content/l 1/1/27 



Page 2 of 12 



studies, as well as define current challenges and possible 
future study directions. To emphasize the potential dual 
roles of NPY in energy intake and energy storage/ex- 
penditure, we highlight the idea of hypothalamus and 
adipose tissue crosstalk and the connection to the sym- 
pathetic nervous system. Numerous studies demonstrate 
that NPY is a major mediator in promoting energy stor- 
age, positing that it could serve as a potential biomarker 
for obesity. Consistent with this hypothesis, the NPY re- 
ceptor sub-type 5 (NPYR5) antagonist, velneperit, has 
been recently explored in clinical testing as a potential 
anti-obesity drug [5]. Therefore, a better understanding 
of the mechanisms of how NPY influences body adipos- 
ity may facilitate therapeutic interventions for obesity. 

NPY and receptor sub-type tissue distribution 

In the central nervous system (CNS), NPY is found in 
highest concentration within the hypothalamus, brain 
stem, and anterior pituitary. In the arcuate nucleus (ARC) 
of the hypothalamus, NPY is highly expressed with 
another orexigenic neuropeptide, agouti-related peptide 
(AgRP), an endogenous melanocortin receptor 3 and 4 
(MC3R and MC4R, respectively) antagonist [6]. The ARC 
NPY neurons serve as a feeding center that senses and in- 
tegrates peripheral energy signals, such as blood glucose 
concentration, ghrelin, leptin and insulin, due to the 
unique anatomic structure of the ARC in lacking a blood 
brain barrier [7]. The synthesis and secretion of ARC NPY 
is induced in response to energy deficiency and greater 
metabolic demand such as increased exercise, cold and 
pregnancy [8]. 

The NPY affects food intake by innervating with other 
appetite regulatory factors in the CNS and regulates en- 
ergy utilization via modulation of fat deposition and me- 
tabolism. These functions are achieved by binding to 
various NPY receptors (NPYRs) that are distributed across 
the body, the most well-known being NPYR1, NPYR2, 
and NPYR5, all of which are G protein coupled receptors 
[9]. In situ hybridization assays on adult mouse brain sec- 
tions revealed widespread distribution of NPYR1, while 
NPYR2 and 5 displayed a more restricted pattern of ex- 
pression [10]. The NPYR1 is considered to be most dir- 
ectly involved in food intake and energy expenditure, 
whereas the NPYR2 receptor is an autoreceptor that is 
mainly expressed in the ARC, and can regulate food intake 
and energy balance through modulation of endogenous 
NPY release [11,12]. The NPYR1 has a high affinity for 
the NPY analog [Leucine 31 , Proline 34 ] and requires a 
complete N terminus for binding. It has lower affinity for 
NPY C-terminal fragments such as NPY 13 _ 36 and NPY 3 _ 36 
[13]. The NPYR2 requires intact carboxyl-terminal frag- 
ments for binding [14]. The preferred binding ligands, dis- 
tribution of NPYRs, and NPY function in the CNS and 
adipose tissue are summarized in Table 1. 



In the periphery, NPY is widely distributed in the sym- 
pathetic nerves, the adrenal medulla, platelets, and vari- 
ous cell types within white adipose tissue [26]. The 
expression of NPY and NPYR2 can be induced in macro- 
phages [29], platelets, nerves, and adipocytes by stress or 
genetically- or high fat diet-induced obesity in mice 
[29,30]. In human adipose tissue, NPY was detected in 
mature adipocytes but not in preadipocytes [31]. Others 
detected NPY mRNA in human subcutaneous and vis- 
ceral fat [32] and murine adipocytes as well as various 
cell types from adipose tissue stromal vascular fractions 
(SVF) [29]. Increased expression of NPY in adipose tissue 
appears to be a common feature of obesity in different 
species. Abundance of NPY mRNA and protein was 
greater in visceral fat (pooled mesenteric, omental and 
retroperitoneal) of 21 day-old obese rats born from dams 
that were fed a low-protein diet during gestation and lac- 
tation, compared to controls [33]. There was also greater 
NPY mRNA in visceral fat of obese Zucker rats compared 
to their lean counterparts, and both an insulin analogue 
and dexamethasone augmented NPY expression in lean 
but not obese rats [33]. We reported greater expression of 
NPY and NPYR1 and NPYR5 mRNA in the abdominal fat 
of obese chickens compared to lean chickens [34]. 

The NPYR1, NPYR2 and NPYR5 have all been de- 
tected in various cell types from different fat depots in 
rodent models [29,35,36], although in one report NPYR5 
was not detected by real time PCR in either adipocytes 
or the SVF of adipose tissue from either lean or obese 
mice [29] and in another only NPYR5 was detected in 
sympathetic neuron/3 T3-L1 co-cultures [37]. Human and 
mouse preadipocytes, adipocytes and endothelial cells ex- 
press NPYR2 [30] and mouse NPYR1 expression was de- 
tected in mouse preadipocytes and adipocytes [37]. Others 
reported that NPYR1 mRNA was abundant in both rat 
and mouse preadipocytes, whereas NPYR2 and NPYR5 
were undetectable [33]. We demonstrated that NPY, 
NPYR1, NPYR2 and NPYR5 mRNA were expressed in 
chicken abdominal fat, albeit at lower quantities than in 
the hypothalamus, with differential expression between 
chickens selected for low or high body weight, and highly 
negative heterosis, suggesting a role for the NPY system in 
energy balance in chickens [34] . Thus, in a variety of ver- 
tebrates, NPY and NPYR1, 2 and 5 are expressed in vari- 
ous cell types in white adipose tissue. 

Adipose tissue function and sympathetic nervous system 
innervation 

As the primary energy storage reservoir, adipose tissue 
plays an important role in energy balance. It contains 
two distinct types of fat tissue: white adipose tissue 
(WAT) and brown adipose tissue (BAT). White adipose 
tissue is specialized for the storage of chemical energy in 
the form of triacylglycerol (TAG), while BAT dissipates 



Table 1 Neuropeptide Y family receptors with preferred ligands, receptor distribution and function in food intake and fat deposition 





Y1 


Y2 


Y4 


Y5 


Preferred ligand 


NPY 


NPY 


PP 


NPY 




Requires a complete N terminus 


NPY3-36 

Requires intact C-terminal fragments 


NPY 


NPY2-36 
NPY3-36 


Pre vs. postjunctional 
receptor 


Post-junctional 


Pre-junctional 


Post-junctional 


Post-junctional 


Brain (besides 
hypotha-lamus) 


Cortex, brainstem, hippocampus, 
thalamus, amygdala 


Cortex, brainstem, hippocampus, amygdala, 
striatum, nucleus accumbens 


Subnucleus gelatinosus of NTS, 
dorsal motor nucleus of the vagus 


Cortex, hippocampus, amygdala 


Hypoth-alamus 

Distri-bution 


ARC, VMN, PVN, DMN, LH Supraoptic 
nucleus 


ARC, PVN, LH, medial preoptical area, 
anterior hypothalamic nucleus 


ARC, PVN 


PVN, ARC, VMN, DMN, LH 


Perip-heral 


Thyroid, parathyroid glands, 
heart, spleen and digestive 
system, adipose tissue 


Adipose tissue 


Skeletal muscle, small intestine, 
pancreas, prostate, uterus, lung, colon 


Adipose tissue 


Types of manipulation/ 
Effects on food intake 
and body weight 


Y1 antagonist central injection/Reduced 
food intake [15,16]; Y1 agonist central 
injection/Increase food intake [17]; 
Y1 KO/Developed obesity, increased 
body fat, slight reduction in food 
intake [18,19] 


Y2 agonist IP injection/ inhibit food intake 
[20]; Hypothalamus-specific Y2 KO/lncreased 
food intake and decreased body weight; 
Germ-line Y2 KO/Reduced body weight and 
adiposity, reduced food intake in males and 
increased food intake in females [21] 


Y4 KO/Decreased body weight, less 
WAT, decreased 24-h food intake 
in male mice [22] 


Central administration of Y5 antisense 
oligodeoxynucleotides/Reduced body 
weight and a decrease in food intake 
[23,24]; Y5 KO/ Mild late-onset obesity, 
increased body weight, food intake 
and adiposity [25] 



Abbreviations: KO knock out, NTS Nucleus of the solitary tract, WAT white adipose tissue, ARC arcuate nucleus, PVN Paraventricular nucleus, VMN ventromedial nucleus, DMN dorsomedial nucleus, LH Lateral 
hypothalamic area, IP injection intraperitoneal injection. Other references used for this table besides the papers cited above [13,26-28]. The references are not exhaustive but rather indicate key initial and/or 
representative studies. 
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chemical energy in the form of heat through non- 
shivering thermogenesis. As will be discussed in this 
review, major mechanisms for WAT expansion and turn- 
over are changes in rates of adipocyte precursor cell pro- 
liferation, differentiation of precursor cells into adipocytes 
(adipogenesis), as well as changes in synthesis of fatty 
acids (lipogenesis), TAGs, and hydrolysis of stored lipids 
(lipolysis) to liberate glycerol and free fatty acids in the 
adipocyte [38]. Unlike WAT, BAT dissipates chemical en- 
ergy in the form of heat generation by means of uncoup- 
ling protein 1 (UCP1) expression to uncouple respiration 
in the mitochondria [2]. Increased BAT in animals was as- 
sociated with a lean and healthy phenotype [39], whereas 
loss of BAT was correlated with obesity and metabolic dis- 
eases [40]. BAT is predominantly distributed in the inter- 
scapular region of mammals. Although brown fat was 
once considered only necessary in early neonates, recent 
positron emission tomography scanning studies demon- 
strated that this tissue is present and plays a pivotal role in 
energy balance in adult humans [41,42]. Therefore, induc- 
tion of BAT in humans offers the possibility of increasing 
energy expenditure without necessarily causing dysfunc- 
tion in other tissues, and is hence an obvious therapeutic 
target for treating obesity. 

White adipose tissue is a heterogeneous organ com- 
prised of mature adipocytes, preadipocytes, mesenchy- 
mal stem cells, immune cells, and a matrix of collagen 
fibers that house numerous nerve endings and vascular 
networks [43]. Thus, NPYcan potentially affect WAT me- 
tabolism through the neuroendocrine route, where it is 
co-stored with norepinephrine (NE) and can be secreted 
via sympathetic nervous system (SNS) innervation, auto- 
crine mechanisms by mature adipocytes, paracrine path- 
ways by immune cells [29], as well as endocrine routes by 
platelets from the blood vessels, or across the blood brain 
barrier [44] . Neuropeptide Y coexists within the nerve ter- 
minal with NE and adenosine triphosphate in postgangli- 
onic sympathetic nerve fibers throughout the body, and 
can be co-released from the axon terminals in different 
quantities depending on the stimulation intensity and the 
pattern of sympathetic nerve activation [45,46]. Retro- 
grade and anterograde fluorescence tract tracers were 
used to reveal sympathetic innervation of adipose tissue 
and that different fat depots were differentially innervated 
(reviewed by [47]). As will be described later in this re- 
view, the hypothalamus-SNS-WAT pathway provides a 
plausible mechanism for how NPY exerts reciprocal func- 
tions on energy intake via the hypothalamus and energy 
storage and expenditure via WAT. 

NPY promotes adipogenesis and inhibits lipolysis in 
adipose tissue 

NPY was shown to have hyperplasia adipogenic and antil- 
ipolytic effects in adipose tissue cells, and angiogenic 



effects in the vasculature surrounding adipose cells (a 
major contributor to adipose expansion) both in vitro and 
in vivo [30,48], although in one study there was no effect 
of NPY treatment on lipid accumulation in 3 T3-L1 cells 
at 8 days post-differentiation [33]. Effects of NPY on adi- 
pose tissue function were thought to occur mainly via 
NPYR1- and NPYR2-mediated pathways, although NPYR5 
has also been implicated in the cellular responses 
[14,30,44,49,50]. Two weeks of cold exposure, combined 
with consumption of a high-fat and high-sugar diet, was 
associated with increased expression of NPY and NPYR2 
in subcutaneous fat depots of mice, with expression local- 
ized to blood vessels, nerves and adipocytes [30]. Condi- 
tional knockdown of NPYR2 in only the peripheral tissues 
(including adipose) of adult mice prevented high fat diet- 
induced obesity [51]. In normal chow-fed mice, the knock- 
down had no effect on food intake or body weight, 
suggesting that NPYR2 plays an important role in energy 
oxidation in peripheral tissues [51]. The NPYR2 germline 
knock-out mice were not susceptible to cold stress- 
induced augmentation of diet-induced obesity and treat- 
ment of wild-type mice with a NPYR2 antagonist for 
2 weeks via slow-release pellets delivered to the adipose 
tissue reduced visceral fat depot mass by 40%. Similarly, 
conditional knockdown of NPYR2 by an adenoviral vector 
injected into the subcutaneous abdominal fat of mice led 
to a 50% reduction in stress-induced fat expansion after 
2 weeks [30]. These results collectively suggest that those 
NPY-mediated effects on adipose tissue were occurring 
mainly through NPYR2 [30]. Similarly, in immune- 
deficient mice or rhesus monkeys that received subcutane- 
ous injections of a 14-day slow-release NPY pellet, a ring 
of new fat tissue appeared around the pellet, and was sus- 
tained for at least 3 months, demonstrating the ability of 
NPY to locally promote de novo fat formation [52]. 
Neuropeptide Y-mediated effects on fat were also demon- 
strated with a translational application to reconstructive 
surgery [52]. Freshly collected human adipose tissue was 
transplanted into immune-deficient mice and effects of 
NPY on fat graft survival and vascularity were assessed 
[52]. Treatment with NPY enhanced long-term (3 month) 
human fat graft survival and vascularity in the athymic 
mice, whereas in mice that did not receive NPY pellet in- 
jection, there was greater than 70% resorption of the 
xenograft, a major concern with such transplantation 
surgeries in humans [52], Researchers showed that the 
effects on fat pad mass were due to enhanced survival of 
the human graft and not synthesis of new adipose tissue 
by the host animal, illustrating a potential clinical appli- 
cation of NPY. 

In genetically obese (B6.V-Lep ob/J ) mice, plasma concen- 
trations of NPY were more than 200% greater than wild- 
type mice, and the obese mice also displayed greater 
expression of NPY and NPYR2 mRNA in subcutaneous 
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fat, suggesting that the elevated circulating NPY originated 
from adipose tissue [30]. Interestingly, in both obese and 
lean wild-type mice, there was substantial adipose tissue 
expansion as a result of treatment with NPY pellets (1 ug 
per 14-day release pellet) delivered locally to the sub- 
cutaneous abdominal fat [30]. These effects were blunted 
when mice were injected with a pellet containing 
BIIE0246, an NPYR2 antagonist (1 umol/day for 14 d), 
with a decrease in fat mass accompanied by reduced vas- 
cularity and increased apoptosis in the abdominal fat pads 
[30]. Results from these studies implied that NPYs actions 
on adipose tissue include promotion of both adipogenesis 
and angiogenesis, both mediated primarily through 
NPYR2 [30]. 

Function through NPYR2 could be mediated through 
enzymatic cleavage of the NPY peptide in adipose tissue 
[48]. In one study, NPY and dipeptidyl peptidase -IV 
(DPPIV) mRNA were detected in both 3 T3-L1 preadi- 
pocytes and terminally differentiated adipocytes, and 
treatment of preadipocytes with recombinant DPPIV 
promoted differentiation of cells into adipocytes [48]. 
The DPPIV is known to cleave NPY into the NPYR2 
agonist NPY 3 _ 36 . Immunoneutralization of NPY or treat- 
ment with a NPYR2 antagonist, but not NPYR1 or NPYR5 
antagonists, blunted DPPIV s adipogenic effects [48]. 
Treatment with NPY alone also promoted preadipocyte 
differentiation and combined treatment of NPY with a 
DPP-IV inhibitor , vildagliptin, blocked NPYs adipogenic 
effects, lending further support to the idea that DPP-IV 
cleaves NPY in adipose tissue and thereby promotes adi- 
pogenesis via NPYR2-mediated cell signaling [48] . 

Effects of NPY on TAG hydrolysis, on the other hand, 
were shown to occur mainly through NPYR1, with effects 
on lipolysis influenced by the nutritional state, other cellu- 
lar factors, and genetic background of the animal. For ex- 
ample, in cultured rat adipocytes, NPY dose-dependently 
inhibited lipolysis, an effect that was blunted when the an- 
imals were fasted for 48 hours prior to treatment [14]. 
Receptor-specific NPY fragments were used to show that 
inhibition of lipolysis was mediated through NPYR1. In 
visceral fat cells (but not subcutaneous) from rats that 
were injected with 6-hydroxydopamine (OHDA) (a neuro- 
toxin for sympathetic neurons that is used to chemically 
ablate sympathetic nerves), lipolysis was increased and the 
effects were shown to occur via NPYR2-mediated signal- 
ing mechanisms [14]. Using receptor-specific peptide frag- 
ments, it was shown that inhibition of lipolysis in adipose 
tissue occurred through NPYR1 but not NPYR2, and that 
the increase in lipolysis observed after sympathectomy and 
treatment with a NPYR2-specific peptide could be due to 
a switching of the receptor from G[ to G s coupling [14]. 

Metabolic differences observed between subcutaneous 
and visceral fat depots may be partly explained by differ- 
ences in SNS innervation. In general, visceral fat in 



humans is associated with adverse health outcomes, 
whereas subcutaneous adipose tissue is considered to be 
an energy storage reservoir that is relatively benign [38]. 
Recently, Nguyen et al. demonstrated that while there 
was some overlap in central sympathetic neural circuits 
between inguinal (subcutaneous) and mesenteric (vis- 
ceral) fat in Siberian hamsters, there were more neurons 
involved in innervating the inguinal fat pads, and inter- 
estingly, food withdrawal induced a stronger sympathetic 
drive to inguinal adipose tissue [53]. Thus, research on 
NPYs role in adipose tissue function should take into 
consideration the differences in physiology between fat 
depots in different anatomical locations under different 
nutritional conditions. 

The effects of NPY on lipolysis appear to be highly 
dependent on other cellular factors influencing (3- 
adrenergic stimulation in the adipocyte. In one study, 
NPY was shown to have no effect on lipolysis in differ- 
entiated 3 T3-L1 cells under basal conditions, but aug- 
mented (3-adrenergic-mediated stimulation of lipolysis 
[54]. When cells were pretreated with isoproterenol (10 
nM; (3-adrenergic agonist) and/or forskolin (activates 
adenylyl cyclase to raise intracellular cyclic adenosine 
monophosphate; cAMP), NPY treatment had no effect on 
forskolin-induced lipolysis, but increased isoproterenol- 
induced lipolysis by 30%, suggesting that NPYs effect oc- 
curred upstream of adenylyl cyclase activation [54]. To 
explain why results differed from previous reports of 
NPYs inhibitory effects on lipolysis in cultured adipocytes 
[14,55,56], it was suggested that NPYs effect on lipolysis 
depends on the magnitude of (3-adrenergic and lipolytic 
stimulation by other factors. For example, when concen- 
trations of isoproterenol increased, NPY blunted rather 
than augmented the stimulation of lipolysis, thus suggest- 
ing that perhaps under conditions of strong and weak 
stimulation of lipolysis, NPY has an inhibitory and stimu- 
latory effect, respectively [54]. Consistent with other stud- 
ies, the effects of NPY on lipolysis were shown to occur 
through NPYR1, and it was suggested that differential ef- 
fects of NPY on lipolysis occurring through the same 
receptor are due to differences in receptor coupling to dif- 
ferent secondary messengers, with inhibitory and stimula- 
tory effects on lipolysis occurring through decreases in 
cAMP and increases in calcium, respectively [54]. That 
NPY and NE are co-stored and secreted by postsympa- 
thetic nerve terminals in adipose tissue provides an 
additional layer of complexity to the understanding of 
how the different systems interact to regulate energy 
metabolism in adipose tissue [54]. Thus, NPYs effects 
on lipolysis can be modulated by nutritional status, ad- 
renergic activity, and changes in receptor activity to 
achieve tight regulation of energy balance based on en- 
ergy demand, with differences between visceral and 
subcutaneous fat. 
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Thus, NPYs effects on adipose tissue appear to be re- 
lated to SNS output and as described above, NPY may 
influence angiogenesis, adipogenesis, lipolysis, and 
hypertrophy in WAT. Obesity is characterized by WAT 
hypercellularity and hypertrophy, particularly in visceral 
fat, and changes in SNS activity, consistent with en- 
hanced lipid storage and reduced oxidation [57,58]. The 
decreased SNS outflow observed in some obesity models 
may stimulate WAT hyperplasia, based on experiments 
showing that sympathetic nerve denervation induces cel- 
lular proliferation in adipose tissue and NE treatment in 
cell culture reduced preadipocyte proliferation, an effect 
that was blunted by the p-adrenoceptor antagonist pro- 
pranolol [59,60]. Although mechanisms of NPYs role in 
hyperplasia are not as well studied, it was shown that 
through NPYR1, NPY stimulated mouse and rat preadi- 
pocyte proliferation via activation of the extracellular 
signal-regulated kinase (ERK) 1/2 signaling pathway 
[33]. In high-fat diet- fed mice that were exposed to cold 
stress for 2 weeks, there was an increase in the number 
of small adipocytes (<10 uM) that were immunoreactive 
for both NPYR2 and cell proliferation markers, suggest- 
ing that NPY plays a role in inducing hyperplasia via 
NPYR2. Similarly, co-culture of 3 T3-L1 preadipocytes 
or endothelial cells with sympathetic neuron-derived 
tumor cells (tyrosine hydroxylase-positive) up-regulated 
expression of NPYR2 and induced proliferation in both 
the endothelial cells and preadipocytes, and enhanced 
differentiation of preadipocytes into adipocytes [30]. En- 
hanced differentiation was associated with increased 
lipid accumulation and secretion of leptin and resistin. 
These effects were blocked by treatment with a NPYR2 
receptor antagonist, suggesting that in adipose tissue, 
SNS -derived NPY modulates proliferation, adipogenesis 
and angiogenesis via up-regulation of NPYR2 [30]. 

The SNS innervation to WAT is known to play three 
major functions including the regulation of lipolysis, cel- 
lular proliferation and protein/peptide secretion [47]. 
Catecholamines (especially NE) are potent lipolytic fac- 
tors acting through p-adrenergic receptors, which then 
activate the cAMP - protein kinase A (PKA) signaling 
cascades. Sympathetic neuron and adipocyte co-culture 
studies indicated that NPY secreted from sympathetic 
neurons inhibited p-adrenergic-mediated lipolysis [44], 
although as discussed above, NPY treatment could elicit 
different effects on lipolysis depending on the combin- 
ation of other factors present in the cell culture model 
[54]. Cross-talk between adipocytes and SNS neurons 
are thus mediated by multiple signals and NPY may 
modulate p-adrenoceptor-mediated lipolysis and adipo- 
kine secretion. Surgical sympathetic nerve denervation 
increased the numbers of bromodeoxyuridine-labeled 
cells that were also immunoreactive for a preadipocyte- 
specific membrane protein 3 (AD-3), indicating a specific 



increase in preadipocyte proliferation [61,62]. Decreased 
sympathetic drive to WAT resulted in WAT expansion 
that was associated with decreases and increases in p- 
adrenergic and a 2 -adrenergic receptor numbers, respect- 
ively [63]. 

An in vitro study demonstrated that epinephrine (EPI) 
enhanced the expression of NPY and its receptors in 
murine embryonic stem cells (mESCs), and that acceler- 
ated differentiation of mESCs into adipocytes was associ- 
ated with increased expression of preadipocyte factor 1 
(PREF-1), fatty acid-binding protein 4 (FABP4) and per- 
oxisome proliferator-activated receptor y (PPARy) [64]. 
These effects were blocked by treatment with NPYR1, 2 
and 5 antagonists [64] . The effect of EPI-mediated NPY 
up-regulation was believed to be associated with greater 
DNA methylation at the nerve growth factor responsive 
element and calmodulin-responsive element sites of the 
NPY gene promoter region [64]. While cell culture- 
based studies have shown a strong effect of EPI on lip- 
olysis, it has been demonstrated in-vivo that adrenal 
medullary-derived EPI likely is a minor contributor to 
whole-body adipose lipolysis, with the majority con- 
trolled by SNS -derived NE, as reviewed by [65]. 

NPY reduces brown adipose tissue deposition and 
activation 

Brown adipose tissue is almost exclusively under SNS in- 
nervation. The release of norepinephrine (NE) from SNS 
terminals stimulates p 3 -adrenergic receptor-activated 
BAT thermogenesis [66]. Central administration of NPY 
in rats inhibited BAT thermogenesis through guanosine 
diphosphate binding reduction (an indicator of brown 
fat thermogenic activity) to BAT mitochondria, and 
stimulated WAT lipid storage by enhancing lipoprotein 
lipase (LPL) activity, which is a rate-limiting step in cata- 
lyzing hydrolysis of plasma lipoproteins into free fatty 
acids for uptake into peripheral tissues [67]. Despite 
ample evidence that NPY reduces BAT-associated 
thermogenesis, it was not until recently that our under- 
standing of the involvement of various CNS -specific nu- 
clei/subnuclei was revealed. Chao et al. demonstrated 
the role of hypothalamic dorsomedial NPY in adipose 
tissue function [68]. Knockdown of NPY expression 
using adeno-associated virus -mediated RNAi in the dor- 
somedial nucleus (DMN) of rat hypothalamus promoted 
development of brown adipocytes in inguinal white adi- 
pose tissue or transformation from WAT to BAT (also 
known as brown-in-white, beige or brite cells) character- 
ized by increases in mitochondrial UCP1 and peroxi- 
some proliferator activated receptor-y coactivator -la 
(PGCla) expression, when measured at 16 weeks post 
treatment. This led to increased BAT activity and 
thereby enhanced energy expenditure and cold-induced 
thermogenesis [68]. The inducible nature of brown 
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adipocytes in white adipose tissue is intriguing as a pos- 
sible anti-obesity target and these data show that effects 
of hypothalamic NPY on brown fat include both inhib- 
ition of brown fat thermogenesis and effects on recruit- 
ment of brown adipocytes within white adipose depots. 
These studies are also fascinating because they provide 
more insight into the physiological function of specific 
hypothalamic nuclei, such as the DMN. 

Other studies using mouse models in which NPY was 
either overproduced in the ARC of wild type mice or se- 
lectively reintroduced into the ARC of otherwise NPY- 
deficient mice, together with NPY receptor knockout 
mice, indicated that overexpression of ARC NPY reduced 
sympathetic outflow via NPYR1 receptor-mediated reduc- 
tion in tyrosine hydroxylase (TH; an indicator of SNS out- 
flow) expression in the PVN and various regions in the 
brainstem. Reduced SNS innervation was associated with 
the down-regulation of UCP1 expression in BAT, which 
could be reversed after surgical sympathetic denervation 
to BAT [69]. The ICV injection of NPY suppressed SNS 
activity in a dose-dependent manner, which was followed 



by a gradual recovery. Unilaterally microinjecting NPY 
into the paraventricular nucleus (PVN) suppressed the 
SNS, and the opposite was observed after medial preoptic 
area microinjection. No effect was observed with injec- 
tion into the anterior hypothalamic area, ventromedial 
nucleus (VMN), or lateral hypothalamus (LH) [70]. Re- 
duced SNS outflow decreases release of NE from sympa- 
thetic nerve endings and inhibits the thermogenic 
function of brown adipose tissue (BAT) by deactivating 
the cAMP-dependent PKA pathway, which further 
down-regulates UCPl-associated thermogenesis. 

Taken together, these data indicate that NPY promotes 
positive energy balance by stimulating adipogenesis and 
inhibiting lipolysis in WAT. Increased thermogenesis in 
brown fat and recruitment of brown adipocytes in white 
adipose tissue after NPY suppression suggests that the 
NPY system also has an inhibitory effect on BAT activity. 
These effects appear to be mediated through the regula- 
tion of the hypothalamus-SNS -adipose tissue axis. The 
possible mechanisms described above are summarized in 
Figures 1 and 2. 




^ C_p, 

Peri 



Reduced lipolysis Enhanced adipogenesis 

Figure 1 Antilipolytic and adipogenic effects of NPY on white adipose tissue. In the peripheral system, NPY binds to receptors 1, 2 and 5 
and affects (3-adrenergic receptor ((3 r AR, (3 2 -AR and (3 3 -AR; mainly through (3 2 -AR) configuration, the modification thereby leading to improved 
affinity for Gai proteins. Subsequently, this activation of inhibitory GTP-binding protein alpha subunit (Gai) inhibits adenylyl cyclase (AC) and cyclic 
AMP (cAMP) production. Decreased cellular cAMP levels inhibit protein kinase A (PKA), which phosphorylates and activates hormone-sensitive 
lipase (HSL). Decreased PKA activity also inhibits phosphorylation of lipid droplet-associated protein perilipin (peri) into PeriA, which controls the 
magnitude of lipolysis. Lipolysis is catalyzed by 3 lipases. Triacylglycerol is firstly hydrolyzed by adipocyte triglyceride lipase (ATGL) resulting in the 
formation of diacylglycerol (DAG) and release of a fatty acid (FA). Monoacylglycerol lipase (MGL) catalyzes hydrolysis of MAG, yielding glycerol 
and a FA. Increased hypothalamic (abbreviated as hypo in the figure) NPY inhibits sympathetic nerve system (SNS) outflow and suppresses 
catecholamine release, mainly norepinephrine (NE), and thereby their binding to (3-adrenergic receptors, which in turn reduces the cAMP-PKA 
pathway-associated lipolysis. On the other hand, NPY itself in the peripheral system can stimulate ERK-mediated adipogenesis. Through the 
hypothalamus-SNS-adipose tissue axis, reduced NE enhances adipogenesis via undefined mechanisms. Reduced SNS outflow is compensated for 
by adrenal medullary catecholamines, primarily epinephrine (EPI), which was also known to stimulate adipogenesis, possibly through NPY regulation. 

Parts of the figure are adapted from references [71,72]. "— stimulatory effect; "-T: inhibitory effect ;" -/mechanisms unknown; " •>" compensatory 

effect of EPI secretion. 
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*SNS outflow 




Figure 2 NPY inhibits BAT thermogenesis via reduced SNS outflow. Increased release of NPY in the hypothalamus inhibits sympathetic 
nerve system (SNS) outflow, particularly norepinephrine (NE) release. Consequently, it inhibits the cAMP-PKA signaling pathway via (3-adrenergic 
receptors. Reduced lipolysis decreases the level of fatty acid storage in the brown adipose tissue, together with reduced uncoupling protin 1 
(UCP1) expression and secretion, resulting in reduced thermogenic potential. Consequently, with less fatty acids being transported into the 
mitochondria by the carnitine palmitoyl transferase (carnitine shuttle) and also reduced UCP1 functioning to dissipate the proton-motive force 
across the mitochondrial membrane, there is less heat production. Part of the picture is summarized from [73]. 



Hypothalamus-adipose tissue crosstalk 

The NPY system represents a form of communication 
between the hypothalamus and adipose tissue, and is 
linked to positive energy balance through increases in 
energy intake and storage and reduced energy expend- 
iture. This is achieved indirectly through bidirectional 
neuronal and hormonal communication, and possibly 
via direct circulation through the blood brain barrier. 
The hypothalamus is the energy sensory center for 
signals produced by peripheral tissues such as the 
gastrointestinal tract and adipose tissue. Hypothalamus - 
mediated white and brown adipose tissue turnover is 
mainly regulated through SNS outflow, as summarized 
above. The study of the role of specific hypothalamic nu- 
clei in the regulation of peripheral adiposity did not re- 
ceive much attention until recently, partly due to 
advents in molecular technology as well as a better un- 
derstanding of brain neural circuits. A body of evidence 
has shown that NPY in the ARC, PVN, and DMN neu- 
rons is involved in adiposity and BAT thermogenesis 
through regulation of the SNS outflow [68,69]. Whether 
other hypothalamic nuclei play the same role remains 
elusive. 



While early studies revealed that adipose tissue was in- 
nervated by the sympathetic nervous system, they did 
not reveal the specific brain nuclei from which the SNS 
outflow to WAT originated. A transneuronal tract tracer, 
a pseudorabies virus (PRV), was used for this purpose, 
because it is a neurotropic virus that binds to the pre- 
synaptic neural membrane, fuses with the axon mem- 
brane, and then delivers uncoated capsids in the axon 
(described in an excellent review by [47]). The capsids 
are then transported to the cell body where they repli- 
cate and can exit the infected cell via the dendrites, 
thereby only infecting neurons that are synaptically con- 
nected to those PRV-containing cells [47]. Immunostain- 
ing after PRV injection into fat revealed that in 
hamsters, regions of the hypothalamus including the 
ARC, dorsal, lateral, suprachiasmatic, PVN, and nuclei 
and medial preoptic area, were identified as sites that 
modulated SNS outflow to the WAT [47]. Hypothalamus- 
SNS-BAT circuitries were demonstrated to be hyperactive 
in the PVN, DMN, LH, anterior hypothalamic nucleus, 
and posterior hypothalamic nucleus [74], Whether adi- 
pose tissue is also under the control of the parasym- 
pathetic nervous system is still controversial [75,76]. 
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Identification of hypothalamic nuclei associated with adi- 
posity and brown fat thermogenesis may provide better 
targets toward the control of overweight and obesity 
through the manipulation of the hypothalamus-adipose 
tissue axis, and allow for development of more pathway- 
specific therapeutic strategies. 

Adipose tissue not only dynamically accumulates and 
releases lipids, but also serves as an endocrine organ that 
produces adipokines, hormones, and appetite-regulating 
factors as the sensory input reflecting the amount of 
lipid and adipocyte turnover. Sensory information is 
transported via dorsal root ganglion to the spinal cord 
and then on to the brain to interact with the SNS out- 
flow to the adipose tissue [47,74,77] . The sensory innerv- 
ation of adipose tissue may serve as a feedback loop to 
regulate the level of its sympathetic drive and also regu- 
late adipocyte turnover [78]. Sensory information in- 
cludes adipokines such as adiponectin, apelin, resistin 
and leptin, that all target various regions in the hypo- 
thalamus and regulate body energy homeostasis [79]. 
Leptin is one of the best studied adipokines that informs 
the brain of body fat levels. Treatment of human ab- 
dominal subcutaneous adipocytes with recombinant 



human NPY reduced leptin secretion but did not affect re- 
lease of adiponectin and tumor necrosis factor a [31]. 
Interestingly, high fat diet-induced diabetic mice subjected 
to intra-abdominal UCP1 overexpression using an adeno- 
viral vector had significantly reduced food intake charac- 
terized by reduced NPY mRNA in the hypothalamus, and 
improved insulin and leptin sensitivity. Local nerve dissec- 
tion showed that these actions were achieved by afferent- 
nerve signals from intra-abdominal fat tissue to the 
hypothalamus that modulated hypothalamic leptin sensi- 
tivity, illustrating the importance of the hypothalamus- 
adipose tissue feedback loop [80]. This may suggest that 
brown adipocytes in WAT play an important role in 
whole-body energy metabolism and ectopic UCP1 expres- 
sion could be a promising future research direction. In 
summary, an adiposity negative-feedback model indicates 
that adiposity signals can inform the brain of changes in 
body fat mass so that the brain can mount adaptive adjust- 
ments in energy intake to stabilize fat stores in the long 
term. Understanding the neural signaling pathways and 
endocrine regulation associated with the adiposity nega- 
tive feedback may provide a new avenue for treatment of 
obesity and associated diseases. 




NPY promotes: Positive energy storage + Excess fat deposition 

Figure 3 Role of NPY in energy intake and expenditure. cNPY: NPY in the central nervous system; pNPY: Peripheral NPY; BBB: Blood brain 

barrier; Hypo: hypothalamus. The cNPY stimulates food intake mainly via NPYR1 and NPYR5 to increase energy intake. Additionally, through the 

hypothalamus-SNS-adipose axis, NPY reduces sympathetic nervous system (SNS) outflow, which promotes white adipose tissue (WAT) deposition 

by enhancing adipogenesis and inhibiting lipolysis, as well as inhibiting brown adipose tissue (BAT) deposition and associated nonshivering 

thermogenesis. The same effects in WAT were achieved by peripheral NPY via different signaling pathways. This collectively leads to energy storage in 

adipose tissue. Adipose-hypothalamus crosstalk serves as a feedback loop via sensory inflow that informs the brain of the long-term peripheral energy 

status so that the brain can make the necessary adjustment. Numerous adipokines, hormones, and appetite regulating factors have been identified 

that play an important role in adjusting energy balance through the hypothalamus either by directly affecting food intake or regulating adiposity 

through SNS outflow, such as leptin, NPY, and UCP1. NPY is more abundant in the central nervous system as compared to the peripheral system. 

Whether and how it crosses the blood brain barrier is critical for understanding its role in energy regulation. 
\ . J 
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Central vs. peripheral circulating NPY 

NPY is expressed in both the hypothalamus and periph- 
ery and is detected in the circulation. Understanding the 
cellular sources, routes of delivery to various tissues and 
the rate of decay are critical for understanding the 
physiological roles of NPY. The majority of NPY is se- 
creted by the neurons in the CNS with lower concentra- 
tions in the peripheral system. In the SVF fraction of 
adipose tissue from mice, secreted NPY was reported to 
be in the picomolar range, consistent with physiological 
concentrations in humans [29]. Recent studies showed 
that the concentration of cerebrospinal fluid (CSF) NPY 
(cNPY; 792.1 pg/mL) was 3 fold greater than plasma 
NPY (pNPY; 220.0 pg/mL) in humans [81]. Therefore, 
whether hypothalamus -derived NPY can enter the blood 
stream is critical in understanding the regulation of food 
intake and fat deposition. A clinical study demonstrated 
that circulating NPY in obese women was elevated as 
compared to women from the control group [82]. How- 
ever, no statistically significant cross -correlations have 
been identified between CSF and plasma NPY in healthy 
males. Circulating NPY was also elevated in genetically 
obese mice [30]. The cNPY/pNPY ratio depends on the 
rates of NPY production, degradation, reabsorbtion in 
both compartments and potential transport across the 
blood brain barrier. Although NPY was shown to cross 
the blood-brain barrier intact via a non-saturatable 
transporter in rats, which is still unidentified in humans 
[83], the absence of cross-correlation between CSF and 
plasma may be due to local protease degradation as indi- 
cated by Baker et al. [52]. As a peptide, the active win- 
dow of time for NPY is short as compared to a steroid 
neurotransmitter. Ahlborg et al. showed that in adult 
men the half-life for NPY is up to 39 min [84]. The con- 
centration of NPY in both central and peripheral compart- 
ments has a higher heritability than other neuropeptides 
[85,86], which makes it an attractive candidate for re- 
search on genetic aspects of metabolic diseases. Thus, a 
further understanding of factors governing NPY concen- 
trations and transport in the circulation and between cen- 
tral and peripheral systems, especially in humans, will rely 
on more research together with advanced techniques that 
are sensitive to lower concentrations of NPY. 

Conclusions and implications 

Neuropeptide Y stimulates food intake and white fat de- 
position and at the same time reduces brown fat activa- 
tion and consequently thermogenesis, yielding a net 
accumulation of energy via enhanced energy intake and 
storage (Figure 3). The function of NPY is determined 
by site-specific NPY and NPY receptor-subtype expres- 
sion, NPY release, degradation, and concentrations in 
the circulation, all of which are regulated by numerous 
energy balance strategies. This provides tight regulation 



of an essential system to ensure that the NPY signals can 
respond rapidly and for prolonged durations during 
short and long-term control of energy homeostasis in 
various food-accessible conditions. Understanding the 
role of NPY in energy homeostasis has critical implica- 
tions for biomedical applications, the most common 
pharmacological therapies nowadays for obesity involv- 
ing gastrointestinal surgery and pharmacological inter- 
ventions. Drugs that are intended for weight loss affect 
either metabolism by reducing absorption of nutrients 
from food or through the CNS by decreasing appetite 
and increasing energy expenditure. In light of the pur- 
ported systemic role of NPY, it becomes a promising 
candidate for controlling the development and treatment 
of obesity. Whether NPY can be used as a biomarker for 
obesity awaits further determination. A body of studies 
aimed to manipulate NPY and NPY receptor-subtype 
function highlight the feasibility of targeting the NPY 
system for therapeutic strategies. However, the mecha- 
nisms underlying the effects of NPY are complicated, es- 
pecially in view of brain-adipose cross talk. 

Abbreviations 

AD-3: Pre-adipocyte membrane protein 3; AgRP: Agouti-related peptide; 
ARC: Arcuate nucleus of the hypothalamus; BAT: Brown adipose tissue; 
cAMP: Cyclic adenosine monophosphate; CNS: Central nervous system; 
DMN: Dorsomedial nucleus; EPI: Epinephrine; ERK: Extracellular signal-regulated 
kinase; FABP4: Fatty acid-binding protein 4; ICV: Intracerebroventricular; 
LH: Lateral hypothalamus; LPL: Lipoprotein lipase; MC3R: Melanocortin receptor 
3; MC4R: Melanocortin receptor 4; NPYR: Neuropeptide Y receptor; NPY: 
Neuropeptide Y; NPYR1: Neuropeptide Y receptor sub-type 1; NPYR2: 
Neuropeptide Y receptor sub-type 2; NPYR5: Neuropeptide Y receptor sub-type 
5; NE: Norepinephrine; OHDA: 6-hydroxydopamine; PGGa: Peroxisome 
proliferator activated receptor-y coactivator -1 a; PKA: Protein kinase A; PPARy: 
Peroxisome proliferator-activated receptor v; PREF-1: Preadipocyte factor 1; 
PRV: Pseudorabies virus; PVN: Paraventricular nucleus; SVF: Stromal-vascular 
fraction; SNS: Sympathetic nervous system; TAG: Triacylglycerol; TH: Tyrosine 
hydroxylase; UCP1: Uncoupling protein 1; VMN: Ventromedial nucleus; 
WAT: White adipose tissue. 

Competing interests 

There are no competing interests to disclose for any of the authors. 
Authors' contributions 

WZ contributed to the literature search, synthesis of information and 
preparation of the manuscript. MAC and ERG reviewed, edited and revised 
the final version. All authors had final approval of the submitted version. 

Received: 2 May 2014 Accepted: 2 June 2014 
Published: 10 June 2014 

References 

1. Morton GJ, Cummings DE, Baskin DG, Barsh GS, Schwartz MW: Central 
nervous system control of food intake and body weight. Nature 2006, 

443:289-295. 

2. Rosen ED, Spiegelman BM: Adipocytes as regulators of energy balance 
and glucose homeostasis. Nature 2006, 444:847-853. 

3. Mercer RE, Chee MJ, Colmers WF: The role of NPY in hypothalamic 
mediated food intake. Front Neuroendocrinal 201 1, 32:398-415. 

4. Carlquist M, Jornvall H, Tatemoto K, Mutt V: A porcine brain polypeptide is 
identical to the vasoactive intestinal polypeptide. Gastroenterology 1982, 
83:245-249. 

5. George M, Rajaram M, Shanmugam E: New and emerging drug molecules 

against obesity. J Cardiovasc Pharmacol Ther 2014, 19:65-76. 



Zhang et a I. Nutrition & Metabolism 2014, 11:27 
http://www.nutritionandmetabolism.eom/content/l 1/1/27 



Page 11 of 12 



6. Broberger C, Johansen J, Johansson C, Schalling M, Hokfelt T: The 
neuropeptide Y/agouti gene-related protein (AGRP) brain circuitry in 
normal, anorectic, and monosodium glutamate-treated mice. Proc Natl 
Acad Sci USA] 998, 95:1 5043-1 5048. 

7. Kohno D, Yada T: Arcuate NPY neurons sense and integrate peripheral 
metabolic signals to control feeding. Neuropeptides 2012, 46:315-319. 

8. Leibowitz SF, Wortley KE: Hypothalamic control of energy balance: 
different peptides, different functions. Peptides 2004, 25:473-504. 

9. Larhammar D, Blomqvist AG, Soderberg C: Evolution of neuropeptide Y 
and its related peptides. Comp Biochem Physiol C 1993, 106:743-752. 

10. Naveilhan P, Neveu I, Arenas E, Ernfors P: Complementary and overlapping 
expression of Y1, Y2 and Y5 receptors in the developing and adult 
mouse nervous system. Neuroscience 1 998, 87:289-302. 

11. Gehlert DR: Role of hypothalamic neuropeptide Y in feeding and obesity. 
Neuropeptides 1 999, 33:329-338. 

12. Batterham RL, Cowley MA, Small CJ, Herzog H, Cohen MA, Dakin CL, Wren 
AM, Brynes AE, Low MJ, Ghatei MA, Cone RD, Bloom SR: Gut hormone PYY 
(3-36) physiologically inhibits food intake. Nature 2002, 418:650-654. 

13. Kamiji MM, Inui A: Neuropeptide y receptor selective ligands in the 
treatment of obesity. Endocr Rev 2007, 28:664-684. 

14. Labelle M, Boulanger Y, Fournier A, St Pierre S, Savard R: Tissue-specific 
regulation of fat cell lipolysis by NPY in 6-OHDA-treated rats. Peptides 
1997, 18:801-808. 

15. Ishihara A, Tanaka T, Kanatani A, Fukami T, lhara M, Fukuroda T: A potent 
neuropeptide Y antagonist, 1229U91, suppressed spontaneous food 
intake in Zucker fatty rats. Am J Physiol 1998, 274:R1 500-R1 504. 

16. Kanatani A, Ishihara A, Asahi S, Tanaka T, Ozaki S, lhara M: Potent 
neuropeptide Y Y1 receptor antagonist, 1229U91: blockade of 
neuropeptide Y-induced and physiological food intake. Endocrinology 

1996, 137:3177-3182. 

17. Mullins D, Kirby D, Hwa J, Guzzi M, Rivier J, Parker E: Identification of 
potent and selective neuropeptide Y Y(1) receptor agonists with 
orexigenic activity in vivo. Mol Pharmacol 2001, 60:534-540. 

18. Burcelin R, Brunner H, Seydoux J, Thorensa B, Pedrazzini T: Increased insulin 
concentrations and glucose storage in neuropeptide Y Y1 receptor- 
deficient mice. Peptides 2001, 22:421-427. 

19. Kushi A, Sasai H, Koizumi H, Takeda N, Yokoyama M, Nakamura M: Obesity 
and mild hyperinsulinemia found in neuropeptide Y-Y1 receptor- 
deficient mice. Proc Natl Acad Sci USA] 998, 95:1 5659-1 5664. 

20. Balasubramaniam A, Joshi R, Su C, Friend LA, James JH: Neuropeptide Y 
(NPY) Y2 receptor-selective agonist inhibits food intake and promotes 
fat metabolism in mice: combined anorectic effects of Y2 and Y4 
receptor-selective agonists. Peptides 2007, 28:235-240. 

21. Sainsbury A, Schwarzer C, Couzens M, Fetissov S, Furtinger S, Jenkins A, Cox 
HM, Sperk G, Hokfelt T, Herzog H: Important role of hypothalamic Y2 
receptors in body weight regulation revealed in conditional knockout 
mice. Proc Natl Acad Sci USA 2002, 99:8938-8943. 

22. Sainsbury A, Schwarzer C, Couzens M, Jenkins A, Oakes SR, Ormandy CJ, 
Herzog H: Y4 receptor knockout rescues fertility in ob/ob mice. Genes Dev 
2002, 16:1077-1088. 

23. Schaffhauser AO, Stricker-Krongrad A, Brunner L, Cumin F, Gerald C, 
Whitebread S, Criscione L, Hofbauer KG: Inhibition of food intake by 
neuropeptide Y Y5 receptor antisense oligodeoxynucleotides. Diabetes 

1997, 46:1792-1798. 

24. Tang-Christensen M, Kristensen P, Stidsen CE, Brand CL, Larsen PJ: Central 
administration of Y5 receptor antisense decreases spontaneous food 
intake and attenuates feeding in response to exogenous neuropeptide 
Y. J Endocrinol 1 998, 1 59:307-31 2. 

25. Marsh DJ, Hollopeter G, Kafer KE, Palmiter RD: Role of the Y5 neuropeptide 
Y receptor in feeding and obesity. Nat Med 1998, 4:718-721. 

26. Hirsch D, Zukowska Z: NPY and stress 30 years later: the peripheral view. 
Cell Mol Neurobiol 201 2, 32:645-659. 

27. Larsen PJ, Kristensen P: Central Y4 receptor distribution. Radioactive 
ribonucleotide probe in situ hybridization with in vitro receptor 
autoradiography. Methods Mol Biol 2000, 153:185-198. 

28. Lin S, Shi YC, Yulyaningsih E, Aljanova A, Zhang L, Macia L, Nguyen AD, Lin 
EJ, During MJ, Herzog H, Sainsbury A: Critical role of arcuate Y4 receptors 
and the melanocortin system in pancreatic polypeptide-induced 
reduction in food intake in mice. PLoS One 2009, 4:e8488. 

29. Singer K, Morris DL, Oatmen KE, Wang T, DelProposto J, Mergian T, Cho KW, 
Lumeng CN: Neuropeptide Y is produced by adipose tissue 



macrophages and regulates obesity-induced inflammation. PLoS One 
2013, 8:e57929. 

30. Kuo LE, Kitlinska JB, Tilan JU, Li L, Baker SB, Johnson MD, Lee EW, Burnett 
MS, Fricke ST, Kvetnansky R, Herzog H, Zukowska Z: Neuropeptide Y acts 
directly in the periphery on fat tissue and mediates stress-induced 
obesity and metabolic syndrome. Nat Med 2007, 13:803-81 1. 

31 . Kos K, Harte AL, James S, Snead DR, O'Hare JP, McTernan PG, Kumar S: 
Secretion of neuropeptide Y in human adipose tissue and its role in 
maintenance of adipose tissue mass. Am J Physiol Endocrinol Metab 2007, 
293:E1335-E1340. 

32. Sitticharoon C, Chatree S, Churintaraphan M: Expressions of neuropeptide 
Y and Y1 receptor in subcutaneous and visceral fat tissues in normal 
weight and obese humans and their correlations with clinical 
parameters and peripheral metabolic factors. Regul Pept 2013, 185:65-72. 

33. Yang K, Guan H, Arany E, Hill DJ, Cao X: Neuropeptide Y is produced in 
visceral adipose tissue and promotes proliferation of adipocyte 
precursor cells via the Y1 receptor. FASEB J 2008, 22:2452-2464. 

34. Zhang W, Sumners LH, Siegel PB, Cline MA, Gilbert ER: Quantity of glucose 
transporter and appetite-associated factor mRNA in various tissues after 
insulin injection in chickens selected for low or high body weight. Physiol 
Genomics 2013, 45:1084-1094. 

35. Gong HX, Guo XR, Fei L, Guo M, Liu QQ, Chen RH: Lipolysis and apoptosis 
of adipocytes induced by neuropeptide Y-Y5 receptor antisense 
oligodeoxynucleotides in obese rats. Acta Pharmacol Sin 2003, 24:569-575. 

36. Rosmaninho-Salgado J, Cortez V, Estrada M, Santana MM, Goncalves A, 
Marques AP, Cavadas C: Intracellular mechanisms coupled to NPY Y2 and 
Y5 receptor activation and lipid accumulation in murine adipocytes. 
Neuropeptides 2012, 46:359-366. 

37. Gericke MT, Kosacka J, Koch D, Nowicki M, Schroder T, Ricken AM, Nieber K, 
Spanel-Borowski K: Receptors for NPY and PACAP differ in expression and 
activity during adipogenesis in the murine 3T3-L1 fibroblast cell line. Br J 
Pharmacol 2009, 157:620-632. 

38. Sethi JK, Vidal-Puig AJ: Thematic review series: adipocyte biology. Adipose 
tissue function and plasticity orchestrate nutritional adaptation. J Lipid 
Res 2007, 48:1253-1262. 

39. Kopecky J, Clarke G, Enerback S, Spiegelman B, Kozak LP: Expression of the 
mitochondrial uncoupling protein gene from the aP2 gene promoter 
prevents genetic obesity. J Clin Invest 1995, 96:2914-2923. 

40. Lowell BB, S-Susulic V, Hamann A, Lawitts JA, Himms-Hagen J, Boyer BB, 
Kozak LP, Flier JS: Development of obesity in transgenic mice after 
genetic ablation of brown adipose tissue. Nature 1993, 366:740-742. 

41. Nedergaard J, Bengtsson T, Cannon B: Unexpected evidence for active 
brown adipose tissue in adult humans. Am J Physiol Endocrinol Metab 
2007, 293:E444-E452. 

42. Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, Kuo FC, 
Palmer EL, Tseng YH, Doria A, Kolodny GM, Kahn CR: Identification and 
importance of brown adipose tissue in adult humans. N Engl J Med 2009, 
360:1509-1517. 

43. Kirkland JL, Dobson DE: Preadipocyte function and aging: links between 
age-related changes in cell dynamics and altered fat tissue function. 

J Am GeriatrSoc 1997, 45:959-967. 

44. Turtzo LC, Marx R, Lane MD: Cross-talk between sympathetic neurons and 
adipocytes in coculture. Proc Natl Acad Sci USA 2001 , 98:1 2385-1 2390. 

45. Morris JL: Cotransmission from sympathetic vasoconstrictor neurons to 
small cutaneous arteries in vivo. Am J Physiol 1999, 277:H58-H64. 

46. Lundberg JM, Franco-Cereceda A, Hemsen A, Lacroix JS, Pernow J: 
Pharmacology of noradrenaline and neuropeptide tyrosine (NPY)-mediated 
sympathetic cotransmission. Fundam Clin Pharmacol 1 990, 4:373-391. 

47. Bartness TJ, Kay Song C, Shi H, Bowers RR, Foster MT: Brain-adipose tissue 
cross talk. Proc Nutr Soc 2005, 64:53-64. 

48. Rosmaninho-Salgado J, Marques AP, Estrada M, Santana M, Cortez V, 
Grouzmann E, Cavadas C: Dipeptidyl-peptidase-IV by cleaving 
neuropeptide Y induces lipid accumulation and PPAR-gamma expression. 
Peptides 2012, 37:49-54. 

49. Bradley RL, Mansfield JP, Maratos-Flier E: Neuropeptides, including 
neuropeptide Y and melanocortins, mediate lipolysis in murine adipocytes. 
Obes Res 2005, 13:653-661. 

50. Kuo LE, Czarnecka M, Kitlinska JB, Tilan JU, Kvetnansky R, Zukowska Z: Chronic 
stress, combined with a high-fat/high-sugar diet, shifts sympathetic 
signaling toward neuropeptide Y and leads to obesity and the metabolic 
syndrome. Ann N Y Acad Sci 2008, 1 148:232-237. 



Zhang et a I. Nutrition & Metabolism 2014, 11:27 
http://www.nutritionandmetabolism.eom/content/l 1/1/27 



Page 12 of 12 



51. 



52. 



53. 



54. 



55. 



56. 



57. 



58. B 



59. 



60. 



62. 



63. 



64. 



65. 



66. 



67. 



69. 



70. 



71. 



72. 



73. 



Shi YC, Lin S, Castillo L, Aljanova A, Enriquez RF, Nguyen AD, Baldock PA, 
Zhang L, Bijker MS, Macia L, Yulyaningsih E, Zhang H, Lau J, Sainsbury A, 
Herzog H: Peripheral-specific y2 receptor knockdown protects mice from 
high-fat diet-induced obesity. Obesity (Silver Spring) 201 1, 19:2137-2148. 
Baker SB, Cohen M, Kuo L, Johnson M, Al-Attar A, Zukowska Z: The role of 
the neuropeptide Y2 receptor in liporemodeling: neuropeptide 
Y-mediated adipogenesis and adipose graft maintenance. Piost Reconstr 
Surg 2009, 123:486-492. 

Nguyen NL, Randall J, Banfield BW, Bartness TJ: Central Sympathetic 
Innervations to Visceral and Subcutaneous White Adipose Tissue. Am J 
Physiol Regul Integr Comp Physiol 2014, 306:375-386. 
Li R, Guan H, Yang K: Neuropeptide Y potentiates beta-adrenergic 
stimulation of lipolysis in 3 T3-L1 adipocytes. Regul Pept 2012, 178:16-20. 
Valet P, Berlan M, Beauville M, Crampes F, Montastruc JL, Lafontan M: 
Neuropeptide Y and peptide YY inhibit lipolysis in human and dog fat 
cells through a pertussis toxin-sensitive G protein. J Clin Invest 1990, 
85:291-295. 

Castan I, Valet P, Quideau N, Voisin T, Ambid L, Laburthe M, Lafontan M, 
Carpene C: Antilipolytic effects of alpha 2-adrenergic agonists, neuropeptide 
Y, adenosine, and PGE1 in mammal adipocytes. Am J Physiol 1 994, 
266:R1 141-R1 147. 

Hausman DB, DiGirolamo M, Bartness TJ, Hausman GJ, Martin RJ: The 
biology of white adipocyte proliferation. Obes Rev 2001, 2:239-254. 
ray GA: Obesity-a state of reduced sympathetic activity and normal or 
high adrenal activity (the autonomic and adrenal hypothesis revisited). 

IntJObes 1990, 14(Suppl 3):77-91. discussion 91-72. 
Foster MT, Bartness TJ: Sympathetic but not sensory denervation 
stimulates white adipocyte proliferation. Am J Physiol Regul Integr Comp 
Physiol 2006, 291 :R1 630-R1 637. 

Geloen A, Collet AJ, Bukowiecki LJ: Role of sympathetic innervation in 
brown adipocyte proliferation. Am J Physiol 1 992, 263:R1 1 76-R1 1 81 . 
Wright JT, Hausman GJ: Monoclonal antibodies against cell surface 
antigens expressed during porcine adipocyte differentiation. Int J Obes 
1990, 14:395-409. 

Kras KM, Hausman DB, Hausman GJ, Martin RJ: Adipocyte development is 
dependent upon stem cell recruitment and proliferation of 
preadipocytes. Obes Res 1999, 7:491-497. 

Carpene C, Rebourcet MC, Guichard C, Lafontan M, Lavau M: Increased 
alpha 2-adrenergic binding sites and antilipolytic effect in adipocytes 
from genetically obese rats. J Lipid Res 1990, 31:81 1-819. 
Han R, Kitlinska JB, Munday WR, Gallicano Gl, Zukowska Z: Stress hormone 
epinephrine enhances adipogenesis in murine embryonic stem cells by 
up-regulating the neuropeptide Y system. PLoS One 2012, 7:e36609. 
Bartness TJ, Song CK: Thematic review series: adipocyte biology. 
Sympathetic and sensory innervation of white adipose tissue. J Lipid Res 
2007, 48:1655-1672. 

Bartness TJ, Song CK: Innervation of brown adipose tissue and its role in 
thermogenesis. Canadian Journal of Diabetes 2005, 29:9. 
Billington CJ, Briggs JE, Grace M, Levine AS: Effects of intracerebroventricular 
injection of neuropeptide Y on energy metabolism. Am J Physiol 1 991 , 

260:R321-R327. 

Chao PT, Yang L, Aja S, Moran TH, Bi S: Knockdown of NPY expression in 
the dorsomedial hypothalamus promotes development of brown 
adipocytes and prevents diet-induced obesity. Cell Metab 201 1, 
13:573-583. 

Shi YC, Lau J, Lin Z, Zhang H, Zhai L, Sperk G, Heilbronn R, Mietzsch M, 
Weger S, Huang XF, Enriquez RF, Baldock PA, Zhang L, Sainsbury A, Herzog 
H, Lin S: Arcuate NPY controls sympathetic output and BAT function via 
a relay of tyrosine hydroxylase neurons in the PVN. Cell Metab 2013, 
17:236-248. 

Egawa M, Yoshimatsu H, Bray GA: Neuropeptide Y suppresses sympathetic 
activity to interscapular brown adipose tissue in rats. Am J Physiol 1991, 
260:R328-R334. 

Altarejos JY, Montminy M: CREB and the CRTC co-activators: sensors for 
hormonal and metabolic signals. Nat Rev Mol Cell Biol 2011, 12:141-151. 
Jaworski K, Sarkadi-Nagy E, Duncan RE, Ahmadian M, Sul HS: Regulation of 
triglyceride metabolism. IV. Hormonal regulation of lipolysis in adipose 
tissue. Am J Physiol Gastrointest Liver Physiol 2007, 293:G1-G4. 
Townsend K, Tseng YH: Brown adipose tissue: recent insights into 
development, metabolic function and therapeutic potential. Adipocyte 
2012, 1:13-24. 



74. Liu Y: Neural Crosstalk between Sympathetic Nervous System and Sensory 
Circuits to Brown Adipose Tissue, Thesis. Department of Biology: Georgia State 
University; 2013:1-35. 

75. Bartness TJ, Song CK: Brain-adipose tissue neural crosstalk. Physiol Behav 
2007,91:343-351. 

76. Bartness TJ: Dual innervation of white adipose tissue: some evidence for 
parasympathetic nervous system involvement. J Clin Invest 2002, 

110:1235-1237. 

77. Song CK, Schwartz GJ, Bartness TJ: Anterograde transneuronal viral tract 
tracing reveals central sensory circuits from white adipose tissue. Am J 
Physiol Regul Integr Comp Physiol 2009, 296:R501-R51 1 . 

78. Ralevic V, Karoon P, Burnstock G: Long-term sensory denervation by 
neonatal capsaicin treatment augments sympathetic neurotransmission 
in rat mesenteric arteries by increasing levels of norepinephrine and 
selectively enhancing postjunctional actions. J Pharmacol Exp Ther 1995, 
274:64-71. 

79. Yi CX, Tschop MH: Brain-gut-adipose-tissue communication pathways at 

a glance. D/'s Model Mech 2012, 5:583-587. 

80. Yamada T, Katagiri H, Ishigaki Y, Ogihara T, Imai J, Uno K, Hasegawa Y, Gao 
J, Ishihara H, Niijima A, Mano H, Aburatani H, Asano T, Oka Y: Signals from 
intra-abdominal fat modulate insulin and leptin sensitivity through 
different mechanisms: neuronal involvement in food-intake regulation. 
Cell Metab 2006, 3:223-229. 

81. Baker DG, Bertram TM, Patel PM, Barkauskas DA, Clopton P, Patel S, Geracioti 
TD Jr, Haji U, O'Connor DT, Nievergelt CM, Hauger RL: Characterization of 
cerebrospinal fluid (CSF) and plasma NPY levels in normal volunteers 
over a 24-h timeframe. Psychoneuroendocrinology 2013, 38:2378-2382. 

82. Baranowska B, Wolinska-Witort E, Martynska L, Chmielowska M, Mazurczak- 
Pluta T, Boguradzka A, Baranowska-Bik A: Sibutramine therapy in obese 
women-effects on plasma neuropeptide Y (NPY), insulin, leptin and 
beta-endorphin concentrations. Neuro Endocrinol Lett 2005, 26:675-679. 

83. Kastin AJ, Akerstrom V: Nonsaturable entry of neuropeptide Y into brain. 
Am J Physiol 1999, 276:E479-E482. 

84. Ahlborg G, Weitzberg E, Sollevi A, Lundberg JM: Splanchnic and renal 
vasoconstrictor and metabolic responses to neuropeptide Y in resting 
and exercising man. Acta Physiol Scand 1992, 145:139-149. 

85. Zhang K, Rao F, Miramontes-Gonzalez JP, Hightower CM, Vaught B, Chen Y, 
Greenwood TA, Schork AJ, Wang L, Mahata M, Stridsberg M, Khandrika S, 
Biswas N, Fung MM, Waalen J, Middelberg RP, Heath AC, Montgomery GW, 
Martin NG, Whitfield JB, Baker DG, Schork NJ, Nievergelt CM, O'Connor DT: 
Neuropeptide Y (NPY): genetic variation in the human promoter alters 
glucocorticoid signaling, yielding increased NPY secretion and stress 
responses. J Am Coll Cardiol 2012, 60:1678-1689. 

86. Berrettini WH, Oxenstierna G, Sedvall G, Nurnberger Jl Jr, Gold PW, Rubinow 
DR, Goldin LR: Characteristics of cerebrospinal fluid neuropeptides 
relevant to clinical research. Psychiatry Res 1988, 25:349-359. 



doi:1 0.1 1 86/1 743-7075-1 1 -27 

Cite this article as: Zhang et al:. Hypothalamus-adipose tissue crosstalk: 
neuropeptide Y and the regulation of energy metabolism. Nutrition & 
Metabolism 2014 11:27. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



